To clarify the present state of genetic differentiation among local honey bees (Apis cerana, A. koschevnikovi and A. dorsata) living in Borneo, we conducted phylogenetic analyses of specimens using the mitochondrial cytochrome oxidase subunit 1 (CO1) sequences. The results confirmed previous findings that genetic differentiation among local groups of A. koschevnikovi was much greater than among A. cerana and A. dorsata. Moreover, the phylogeographic analysis divided A. koschevnikovi into three distinct groups in the areas studied, which contrasts with the current biogeographic divisions of Borneo. In addition, a past colonization of A. cerana from Java to the southern part of Kalimantan was suggested.
INTRODUCTION
The Southeast Asian tropics contain the greatest concentration of honey bee species in the world: among the nine species of genus Apis, eight species are distributed within the area (Otis, 1996; Tingek et al., 1996; Engel, 1999) . Recent studies have revealed that honey bees are probably important pollinators for many tropical plants (Roubik et al., 1995; Momose et al., 1998; Kenta, 2002; Sakai, 2002) . Therefore, detailed geographic studies on the ecology and evolutionary biology of honey bees will contribute to the understanding of the history, present conditions and effective conservation strategies of the tropical forests in this region.
In a previous study (Tanaka et al., 2001b) , we sequenced mitochondrial DNA of three species of honey bees (A. cerana, A. koschevnikovi and A. dorsata) from the northern part of Borneo (Sabah and Sarawak, Malaysia and Brunei) and compared the genetic distance with geographic distance among these species. Marked genetic differentiation among local groups of A. koschevnikovi was found, compared to that of A. cerana and A. dorsata. The factors which have possibly influenced such a pattern of genetic differentiation could be: 1) migratory nesting behavior and habitat preference of each honeybee, 2) the divergence time after speciation and geographic differentiation of the each species, and 3) the paleoclimate of the Southeast Asian tropics. While A. dorsata migrates long distances to seek food resources and nesting sites (Koeniger & Koeniger, 1980; Ruttner, 1988) , it does not need a protected tree-cavity to build a nest. In contrast, migration of the cavity-nesting bees, A. cerana and A. koschevnikovi, are relatively limited by the patchy distribution of their nesting sites. In addition, A. cerana has spread into secondary forests as well as disturbed areas, whereas the range of A. koschevnikovi is obviously restricted to the areas of humid tropical forests (Otis, 1996) . Migratory behavior affects the maintenance of population size and the extent of gene exchange. Since A. koschevnikovi, considered to be an older species among cavity-nesting honey bees, seems to be well adapted to humid primary forests, genetic differentiation in this species carries information on the previous extent of dense, wet tropical forest of the region. A. cerana, a more recent species of cavity-nesting honey bees, was considered to have been adapted to low temperature and seasonal forest environments and radiated to temperate regions, including Japan, from the late Tertiary to the early Quaternary (Tanaka et al., 2001a exposed-nesting honey bees that evolved before cavity-nesting species, could have maintained genetic exchange over broad areas because of its migratory behavior, thus maintaining relatively low degrees of genetic differentiation among geographic areas. However, the sampling sites of the previous study were limited to the northern part of Borneo. In order to provide a historical perspective that explains the present states of genetic differentiation of honey bees in Borneo, it is necessary to examine the hypotheses using samples from the whole island.
In this paper, we report results of phylogenetic analyses including data collected from a broad area of Borneo that includes Indonesia (Kalimantan) and we summarize new findings on the genetic relationships among geographic groups of the three honey bee species. florea from Thailand were included in the analyses to reveal phylogenetic relationships within the genus Apis.
MATERIALS AND METHODS

Honey bee samples
DNA extraction, PCR and DNA sequencing
One to five bees per sampling site for each species were used for DNA analysis. Total DNA was prepared from the thoracic muscle of each individual by the conventional phenol-chloroform extraction method. The 1064 base-pair region of the mitochondrial cytochrome oxidase subunit 1 (CO1) was amplified by the polymerase chain reaction (PCR) using the primers and the condition described in the previous study (Tanaka et al., 2001a) .
After purification of the PCR products by QIAquick PCR purification kit (QIAGEN), the sequencing reaction was carried out using the purified target DNA and a BigDye Terminator
Ver. 3.0 Cycle sequencing Kit (Applied Biosystems). DNA sequences were determined from both directions using the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The internal sequencing primers were described by Tanaka et al. (2001a) . Voucher specimens are at the Primate Research Institute, Kyoto University.
Phylogenetic analyses
The phylogenetic analyses were performed for 1041 base pairs of CO1 sequences obtained in this study. They are aligned together with the sequence data examined in the previous studies (GenBank accession numbers AF153099-135113, AF214668, AF214669 and AY012722-012727, Tanaka et al., 2001a Tanaka et al., , 2001b (Table 1 ), using CLUSTAL X 1.81 (Thompson et al., 1997 ) with a default setting. Trigona amalthea, a stingless bee (Meliponini, Apidae), was used as the outgroup.
PAUP* 4.0b10 (Swofford, 2003) was used to perform maximum parsimony (MP) and neighbor-joining (NJ) analyses. In MP analysis, only the transitions of the third codons were downweighted to one-fifth relative to the transversions considering the characteristics of Apis CO1 sequences. The third codon transitions seem to have attained saturation when compared among species, which compromises their use as markers for ongoing divergence (Tanaka et al., 2001a) . We selected the heuristic search method and the options of simple sequence addition and TBC branch-swapping with the steepest descent in effect. The NJ analysis was performed using a matrix of evolutionary distances estimated by a general time-reversible model (Yang, 1994) . Bootstrap tests were carried out with 1,000 replications in both MP and NJ analyses. haplotypes using PAUP*. We then compared the degree of sequence divergence with respect to geographic distance among the three species. Geographic distribution of CO1 haplotypes was analyzed by a cladistic method using TCS (Clement et al., 2000) , a program that constructs a network of gene genealogies (Templeton et al., 1992) .
RESULTS
The CO1 haplotypes of three honey bee species in Borneo
Each CO1 haplotype obtained in this study was given a name of the locality where the specimen was collected ( Table 1) .
When individuals collected in one sampling site exhibited the same CO1 sequences, they were judged to be one haplotype, and when they differed they were not. When individuals from different localities shared a common haplotype, each type was also assigned a locality name. For example, in A. cerana, the same sequence was shared among the haplotypes of Kinabalu 1, 
Phylogenetic analyses
The aligned sequences included 213 parsimony-informative characters. Figure 2 presents the phylogenetic tree obtained by MP analysis, which is the strict consensus of 40 equally parsimonious trees with a length of 2438 (CI = 0.511, RI = 0.854
and RC = 0.437). The NJ tree (Fig. 3) exhibited the same topology (interrelationships among species) as the MP tree. The samples of dwarf honey bees (A. florea and A. andreniformis) included in the molecular phylogenetic analyses were connected to each other and placed at the basal position in genus Apis (Figs. 2 & 3) . The phylogeny of the species obtained in this study is consistent with that proposed by Engel & Schultz (1997) and another based on morphology (Alexander, 1991) , except the present study includes A. nuluensis, which was described as a new species from northern Borneo in 1996 (Tingek et al., 1996) , as separate from A. cerana. Table 2 summarizes the sequence divergence estimated by the Tamura & Nei (1993) model based on the pairwise comparison of geographic groups or haplotypes. In A. cerana, the evolutionary distance of CO1 ranged from 0.000 to 0.044 among the geographic groups, but was less than 0.005 within each of the two clusters recognized in the phylogenetic trees (Figs. 2 & 3) . In A. koschevnikovi, the CO1 diversity within clusters was 0.001 to 0.008 (Table 2, Figs. 2 & 3) . However, it was 0.017 to 0.021 between the cluster of Lambir + Upper Kapuas and the cluster consisting of all the haplotypes other than Crocker Range. The Crocker Range haplotype was notably divergent from all the remaining haplotypes with distances of 0.077-0.082. The CO1 diversity in A. dorsata ranged less than 0.009 over Borneo ( Table 2 ). The evolutionary distances were plotted with respect to the geographic distance between sampling sites (Fig. 4) . There was no tendency for the evolutionary distance to increase along with geographic distance (Fig. 4) . This pattern can be attributed to the dominant distribution of the common haplotypes and their relatives over the island for three Apis and to the existence of divergent haplotypes in the two cavity-nesting species. Figure 5 shows a phylogeographic network of CO1 haplotypes in A. koschevnikovi obtained from a cladistic analysis based on the method of Templeton et al. (1992) . 
Sequence divergence among geographic groups
DISCUSSION
The results of this study confirmed the previous finding of large genetic differentiation in A. koschevnikovi (Tanaka et al., 2001b) . This phylogeographic analysis which includes new samples from different origins precisely defines the genetic variation in A. koschevnikovi. Three mitochondrial DNA genealogies were clearly distinguished in the areas examined (Fig.   5 ). Borneo has been divided into seven biogeographic units according to the present distribution of animals and plants, which was strongly affected by the geological history and paleoclimate in the Pleistocene (MacKinnon et al., 1997) . However, the distributions of the three genealogies of A. koschevnikovi haplotypes are inconsistent with that biogeography (Fig. 5) . This species is considered to have arisen during a period of warm climate in the Tertiary (Tanaka et al., 2001b) . The geographical areas where specimens of A. koschevnikovi have been recorded (Otis, 1996) are nearly congruent with "Malesia", which is considered as one of the Pleistocene refugia of humid rain forests in Southeast Asia (Meijer, 1982; Whitmore, 1998) . In addition, A. koschevnikovi is abundant in humid primary forests and their vicinity, but seldom found in disturbed areas (Otis, 1996; Roubik, Suka & Tanaka, pers. obs.) . Otis & Hadisoesilo (1999) suggested differentiated habitat preferences in the two cavity-nesting honey bees, A. nigrocincta and A. cerana that seems parallel to the case of A. koschevnikovi and A. cerana of Borneo. Considering the strong preference of A. koschevnikovi for the rain forests, the genetic differentiation of this species suggests that fragmentation of the rain forests into at least three major blocks occurred in the past before the current biogeographic units were established in Borneo. Hadisoesilo et al. (1999) showed morphometric differences between two populations of A. koschevnikovi: one from Balabai, South Kalimantan and the other from Tenom, Sabah, suggesting the presence of two subspecies, A. koschevnikovi vechti and A. k. koschevnikovi, respectively. Barabai is near Loksad, one of the sampling sites, and Tenom is located on the eastern side of the mountain range in northern Borneo, as is another sampling site, Mahua Camp, Crocker Range. The large genetic differentiation found in A. koschevnikovi is likely to correspond to divergence of the subspecies or even to a sibling species status of Apis vechti (which would change the name of the most widespread taxon).
As for A. cerana, results of this study suggest that at least two relatively divergent mitochondrial lineages are in Borneo. The broad distribution of the Bornean haplotypes (type Kinabalu 1 and other less divergent haplotypes), belonging to one of two lineages, is confirmed in this study. It would support the assumption that reproductive populations of this species have maintained continuous distribution and large population sizes as discussed previously (Tanaka et al., 2001b) . On the other hand, our unpublished data indicate that the other lineage composed of the haplotypes of Pelaihari 1 (= Palangkaraya) and Pelaihari 2 are phylogenetically closer to that of conspecifics from Java and Bali than to the Bornean types.
The Pelaihari 1 type is identical to the haplotype from Central Java in the 1041 bp sequence. Moreover, the CO1 diversity is less than 0.008 in Tamura-Nei distance among Pelaihari 1, Pelaihari 2 and haplotyes from Java and Bali so far examined (Tanaka, unpubl.) . Geographic distribution of A. cerana would have been influenced by a land connection in Pleistocene glacial times (Smith et al., 2000) . Therefore, we infer that the secondary colonization of A. cerana from Indonesian islands would have occurred after the Bornean haplotypes were differentiated to some degree.
Similarly, the wide distribution of closely related haplotypes and the low genetic diversity among the haplotypes are confirmed in A. dorsata of Borneo. It suggests that this species may have historically used expansive areas in Borneo for reproduction, in contrast to A. koschevnikovi. However, the low degree of genetic diversity among A. dorsata haplotypes may not be explained by genetic exchange alone, because it is older than A. koschevnikovi. It may instead suggest the recent dispersal of this species in Borneo. Further study on the distribution of mitochondrial haplotypes in A. dorsata is needed to clarify the geographic radiation of this species into its broad range, including the Southeast Asian mainland and other islands of Indonesia and the Philippines (Tanaka et al., in prep.) .
Borneo is the third largest island in the world and is included in one of the regions identified as "biodiversity hotspots", where species endemism is rich, but highly vulnerable to destruction by human activities (Myers et al., 2000) . While
Southeast Asian honey bees are considered to be important pollinators for many tropical plant species, little is known about their geographic variation, evolutionary processes and ecological characteristics. This information is potentially important for conservation of regional biodiversity and ecological functioning. This paucity of information is partly because four of the eight species of Asian Apis were recognized as species only after the late 1980s; (Wu & Kuang, 1986; Kingek et al., 1988; Tingek et al., 1988; Hadisoesilo & Otis, 1996; Tingek et al., 1996) . The results of the present study imply that the climate and associated sea level changes during the Pleistocene have played a significant role in shaping the present distribution of honey bee lineages in this area by causing fluctuation of forest areas, vegetation types and land connections in Sundaland.
These changes ought to be accompanied by migrations of plants and animals on a geographic scale. Further study on the geographic genetic variation in the genus Apis will provide, therefore, valuable insights into the history of Borneo and its neighboring islands as well as strategies for conservation of biodiversity.
